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“An expert is a person who has found out by his own painful experience
all the mistakes that one can make in a very narrow field.”

Attributed to Niels Bohr (1885-1962), Danish Physicist (Oxford Essential
Quotations, 5" Ed.)
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Abstract

Uterus transplantation is a treatment option for women affected by absolute uterine
factor infertility who wish to become pregnant and have a child. Diagnosis of rejection
to guide immunosuppressive treatment is dependent on the histopathological
assessment of transplant biopsies. The overall aim of this thesis was to describe the
morphological characteristics of rejection in human uterus transplants and to establish
a grading scheme for tissue-based diagnosis of rejection to guide treatment and
facilitate comparability between studies.

In paper I, we proposed a rejection grading scheme based on the histological patterns
present in transplant cervical biopsies from the first Swedish clinical trial of uterus
transplantation. A borderline category was introduced to account for ambiguous cases.
In paper II, we analysed the explanted transplants and found that the changes in the
ectocervix reflected the status of the entire organ, providing evidence that the cervix is
a suitable site for tissue-based graft monitoring. We also found that borderline changes
were more frequent in, but not unique to transplants. In paper III, we tested the
grading scheme’s reproducibility in a multicenter study and saw moderate inter-rater
and excellent intra-rater agreement. In paper IV, we assessed the expression of genes
related to rejection and tissue injury in transplant biopsies. In comparison to biopsies
without rejection, we saw an increasing number of differentially expressed genes from
mild to severe rejections. Whilst mild rejections showed a gene expression pattern
which overlapped with rejection-associated genes in other organs, moderate and severe
rejections showed a mixed pattern with additional genes associated with epithelial
injury. Borderline cases did not differ from non-rejection samples, providing evidence
that these cases should not be regarded as rejection.

In conclusion, we characterized the morphological hallmarks of rejection in human
uterus transplants and proposed a robust histopathological grading scheme, which
helps to guide immunosuppressive treatment.

Keywords: uterus transplantation, histopathology, rejection, reproducibility, gene
expression
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Sammanfattning pa svenska

Livmodertransplantation &r en mojlig behandling for kvinnor som drabbats av
ofrivillig barnléshet pa grund av absolut livmoderfaktorinfertilitet, ett tillstdnd
dér kvinnorna av olika anledningar inte har en fungerande livmoder (uterus)
som kan badra en graviditet. Transplantation av ett frimmande organ kraver
alltid behandling med immunddmpande likemedel. Det ar dérfor viktigt att
kunna Overvaka organmottagaren for att tidigt upptécka eller utesluta
avstdtning och didrmed styra behandlingen. Overvakning av avstdtning gors
med smé viavnadsbiopsier fran transplantatet, men det har tidigare varit okadnt
hur en avstdtning ser ut och hur den skall diagnostiseras i transplanterade
uterus.

I delarbete 1 studerade vi den histologiska bilden vid avstdtning i
livmodertappsbiopsier tagna frdn uterustransplantat och etablerade ett
histologiskt granskningssystem for att kunna diagnostisera avstdtning pa ett
standardiserat sétt. Detta baserade vi pa erfarenhet fran tidigare djurforsok,
andra typer av organstransplantat och genom att systematiskt studera
forédndringar i biopsier fran de forsta kvinnor som transplanterades i Géteborg.

Efter uppnétt resultat i form av fullgangna graviditeter tar man bort den
transplanterade livmodern for att kunna avsluta den immunddmpande
behandlingen. I delarbete II undersokte vi om det fanns tecken till avstotning i
de borttagna organen. Trots att det fanns tecken péd avstdtning hos ett fatal
patienter, paverkade detta inte graviditet eller barnafédande. Vi kunde
dessutom visa att fynden i livmodertappen (ectocervix) aterspeglade tillstdndet
av organet i sin helhet, och vi drog slutsatsen att biopsier fran livmodertappen
ar lampliga for att 6vervaka avstotning.

I delarbete III utvdrderades i en multicenterstudie hur reproducerbart vart
histologiska granskningssystem for avstotning var, nir det anvindes av olika
beddmare vid olika centrar. Reproducerbarheten for en avstdtningsdiagnos var
hog for en och samma diagnostiker men mattlig mellan olika diagnostiker,
vilket stimmer Overens med tidigare studier som gjorts pa andra
transplanterade organ.

For att ytterligare kunna validera vart histologiska granskningssystem for
avstotning, undersokte vi i delarbete IV uttrycket av gener relaterade till
transplantatavstdtning, inflammation och organskada. Antalet dveruttryckta
gener 1 jaimforelse med normala biopsier 6kade med graden av avstdtning och



aterspeglade vél vart morfologiska graderingssystem. Dessutom kunde vi visa
att fynd i biopsier med l4tt inflammation av hittills oklar betydelse inte skiljde
sig fran fynd i normala transplantatbiopsier, och ddrmed inte kraver okad
immunsuppression.

Sammanfattningsvis har vi etablerat ett vidl underbyggt histologiskt
graderingssystem for diagnostik av avstotning i uterustransplantat. Detta
standardiserar diagnostiken, kan styra nivdn av immunsuppression och
mojliggdr jaimforelser mellan vetenskapliga studier inom faltet.
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1 INTRODUCTION

1.1 THE CLINICAL SETTING AROUND UTERUS
TRANSPLANTATION

Uterus transplantation (UTx) is an experimental treatment offered to women
with uterine factor infertility (UFI) to enable affected women to become
pregnant and bear a child. UFI denotes uterine agenesia (absolute uterine factor
infertility, AUFI) or the absence of a functional uterus that would allow
implantation of the embryo and to carry a pregnancy to a gestational time that
permits neonatal viability. Reasons for UFI and AUFI can be innate, such as
in the Meyer-Rokitansky-Kiister-Hauser syndrome (MRKHS)/ Miillerian
agenesia or acquired following unavoidable hysterectomy or severe
intrauterine adhesions due to intervention or infection (Asherman syndrome).
As the underlying causes for UFI are diverse and clear definitions are missing,
data regarding the number of women affected by UFI are scarce. In a large
meta-analysis, UFI is reported to account for 2-17% of the causes underlying
female infertility (1). Hysterectomies under the age of 40 affected 1.7-14% of
women in the reviewed studies, whereby hysterectomy for birth-related
complications was rare and occurred in <1% of all deliveries in Europe, Asia,
and America (1). MRKH is the major cause of AUFI, and almost all uterus
transplantations so far have been performed to provide a causal treatment for
this condition (2). The syndrome is characterized by agenesis of the uterus and
the upper part of the vagina either in isolation (type I) or in conjunction with
other developmental abnormalities (type II), with renal malformations being
the most common (3). The disorder is thought to result from failure of the
Miillerian ducts to develop into the uterus and the upper part of the vagina
during organogenesis, though affected women have a normal 46xx karyotype
and functional ovaries (4). The underlying genetic, epigenetic, or exogenic
causes are largely unknown, but familial cases have been described (3, 5, 6).
Two registry-based studies from Finland and Denmark reported the MRKHS/
Miillerian agenesia to occur in ~1/5000 female births. Although it is difficult
to estimate the number of individuals potentially in need of and seeking this
procedure (7), there is considerable interest in uterus transplantation among
women affected by AUFI (8-10). To “experience pregnancy and carry [the]
own child” is reported as the main motivating factor in favour of uterus
transplantation over adoption or gestational surrogacy (8). The latter though is
illegal in most countries of the world, among them Sweden.
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1.2 HISTORY OF UTERUS TRANSPLANTATION AND
CURRENT STATUS

The first single case of human uterus transplantation from a living donor was
attempted in 2000, but the transplant had to be removed due to graft thrombosis
shortly after transplantation (11). The second single case was performed in
Turkey in 2011 from a deceased donor (12), resulting in a live birth nine years
after the transplantation (13). The first baby from uterus transplantation was
born in 2014 in Gothenburg, Sweden (14), within the framework of the first
clinical trial (15). More than a decade of research in animal models, from mice
to rats, sheep, pigs, and non-human primates, preceded uterus transplantation
in humans, as comprehensively reviewed by Brannstrom et al (16). At the time
of writing, it is estimated that more than 100 uterus transplantations have been
performed worldwide, not all of which have been published, and that more than
50 children have been born ((17) and personal communication Mats
Brénnstrom), following transplantations from both living (14) as well as
deceased donors (18). Most recent successfully performed transplantations
were reported from the UK (19) and Australia (20). The overall surgical
success rate is 77%, being slightly inferior for deceased donor procedures as
compared to living donors (16). Surgical success in uterus transplantation has
previously been defined as transplants showing satisfactory uterine blood flow
resulting in the establishment of a menstrual cycle (17). Success rates for live
births, being the aspired aim of the procedure, have been defined as the live
births per embryo transfer and the cumulative number of live births per
attempted and surgically successful transplantation, respectively (17). A
summary of the outcomes in the Swedish trials, whereby two transplantations
are ongoing, is shown in Table 1.
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Table 1: Summary of outcomes and rejections in uterus transplants in the Swedish

trials as of today

First trial* Subs.equent Total
trialst

Included recipients (n) 9 1 20
Surgical success (n) 7 3 15
Pregnancy attempted
(number of recipients) . . 14
Recipients with children (n)

6 6% 12
Live births (n) 9 8 17
Recipients with rejection (n)

6 4 10
Rejection episodes (n) 1 9 71

*”Forskningsstudie for klinisk applikation av livmodertransplantation”;
7Comprises: "Livmodertransplantation med robotassisterat organuttag”, "Liv-
modertransplantation med robotassisterad kirurgi”, ”Livmodertransplantation med
livmoder fran multi-organ donator”’; § Two transplantations are ongoing

In the first report of the International Society for Uterus transplantation
(ISUTx) registry, which described the clinical details of 45 uterus
transplantations, the overall live birth rate per embryo transfer was 35.8%,
resulting in 19 live births from 16 transplanted women (2). In 12/45 (27%) of
women the uterus had to be removed before childbirth was achieved, mostly
due to graft thrombosis or hypoperfusion (2, 21, 22). Rejections occurred in
52% of the patients who had a complete follow-up of at least 10 months (2).
Rejection episodes and grades of rejection in the Swedish trials are shown in

Table 2.
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Table 2: Rejection episodes and borderline changes in uterus tramnsplants in the
Swedish trials

Recipient Rejection | Borderline- | Rejection grade (n) | Live births
number episodes episodes (n) (n)
(n) G1 G2 | G3

1 1 0 0 1 0 2
2 n/a - - - - 0
3 3* 0 1* 0* 2% 0
4 0 0 0 0 0 2
5 1 3 0 1 0 1
6 3 2 2 1 0 2
7 1 4 1 0 0 1
8 3 4 3 0 0 1
9 n/a - - - - 0
10 2 2 2 0 0 2
11 0 2 0 0 0 1
12 n/a - - - - 0
13 7 3 1 0 1
14 2 5 2 0 0 1
15 0 0 0 0 0
16 2 0 0 0 2
17 n/a - - - - 0
18 1 2 1 0 0 0’
19 0 4 0 0 0 1
20 n/a - - - - 0

n/a: Not applicable due to early graft failure; *Long-lasting episodes, present in
several subsequent biopsies with fluctuating grades, § The uterus was removed before
attempted pregnancy due to gastrointestinal post-transplant lymphoproliferative
disorder (PTLD)
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1.3 PATHOPHYSIOLOGY AND PATHOLOGY OF
SOLID ORGAN TRANSPLANTATION

In the absence of immunosuppression, rejection of a human leukocyte antigen
(HLA) non-identical allograft will inevitably occur (23). HLA genes are highly
polymorphic and code for the major histocompatibility complex (MHC)
molecules, of which class I molecules are present on all nucleated cells and
class II on antigen-presenting cells (APC) only (24). The greater the HLA
mismatch between recipient and donor, the higher the risk of rejection.
Following initiation, rejection is executed by the host’s immune cells, which
infiltrate the graft and lead to acute and chronic tissue damage, eventually
causing graft failure.

The first step in rejection requires recognition of the allograft by the recipient’s
immune system, which may occur via different modes of T-cellMHC
interaction (25), including direct and indirect mechanisms (26, 27). The direct
mechanism of allograft recognition is mediated by donor-derived antigen-
presenting dendritic cells (so-called passenger leukocytes), which migrate to
lymphoid organs and activate the host’s immune response (naive T-cells) via
their foreign MHC (27, 28). The indirect mechanism of allograft recognition
is mediated by recipient-derived antigen-presenting dendritic cells that migrate
into the graft, phagocyte donor cells, process donor peptides and present them
to recipient T-helper-cells via their host MHC, initiating the immunologic
response (27, 29). Whether the potentially short-lived process of direct or
rather the indirect pathway of alloimmune recognition acts as the main driver
in chronic allograft rejection remains controversial (30, 31). A third “semi-
direct pathway” of allorecognition, in which recipient-derived dendritic and B-
cells, “cross-dressed” with intact donor MHC-molecules which they acquire
from donor exosomes, initiate the T-cell response, has been proposed more
recently (26, 27, 32, 33).

T-cell engagement involves both activation of naive T-cells in lymphoid
organs via antigen-presenting dendritic cells but also direct activation of
alloreactive memory T-cells, which have been previously primed by antigens
cross-reacting with donor-antigens, by previous blood-transfusion or
pregnancy (27, 34). Activation of naive CD4 T-cells is initiated by binding of
the T-cell receptor (CD3-complex) to its ligand (MHC class II-bound peptide)
on APC. This is called “signal 1” (35). Further activation of T-cells requires
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co-stimulation (“signal 2”) by another APC via binding of CD80 and CD86
(on the APC) to CD28 on the T-cell, and CD40 (on the APC)/CD40-ligand (on
the T-cell) interaction. This results in the T-cell producing cytokines such as
interleukin (IL)-2 and IL-15, which, upon binding to their receptor on T-cells
(“signal 3”), activate cell-proliferation and thereby clonal T-cell expansion (35,
36). CD8-positive cytotoxic T-cells can mediate direct cell damage upon
engagement of their receptor via MHC class I molecules on recipient
parenchymal cells, presenting endogenous peptides (37). Activated T-cell
populations subsequently enter the graft from the graft’s vascular bed and
orchestrate the rejection process, including the recruitment of other immune
cells such as macrophages and B-cells (35, 37). Whilst the latter are less
abundant in the allograft itself during rejection, they are important cells in
antibody-mediated types of rejection. In contrast to T-cell mediated rejection,
rejection caused by antibodies against the graft has been recognized later and
is now regarded as a major cause of chronic allograft failure (38-40). The anti-
allogenic antibodies produced by plasma cells residing in the host’s bone
marrow are directed against donor MHC-molecules of class I and II, although
antibodies against other recipient antigens have also been reported (41, 42). B-
cell expansion and maturation to plasma cells and memory B-cells is initiated
when the donor-antigen binds to its specific antibody on a B-cell (the B-cell
receptor) (43). Acting as an antigen-presenting cell, the B-cell presents the
foreign antigen on its MHC class II, which leads to the engagement of CD4
helper T-cells, providing co-stimulation via CD40/CD40-ligand interaction
and supporting B-cell maturation with the help of cytokines, such as IL-21, IL-
4 and IL-6 (35, 43, 44). The result of the B-cell expansion is the production of
donor-specific antibodies (DSA), which bind to graft endothelial cells and
mediate cell damage via complement activation (45) and engagement of other
inflammatory cells such as natural killer (NK)-cells, monocytes/macrophages
and neutrophils, especially in acute and hyperacute forms of antibody-
mediated rejections (ABMR) (46). The latter has become rare due to accurate
tissue typing before transplantation. Antibody-mediated rejection can occur in
the context of preformed DSA (due to prior blood transfusions or pregnancies)
or de novo DSA, which are formed during periods of low immunosuppression
(47). A further type of allorecognition, which has been shown to occur in cases
of renal transplant rejection with an antibody-mediated rejection phenotype but
in the absence of DSA, is the theory of “missing self-induced NK-cell
activation” (48). It indicates that recipient NK-cells are activated as they fail
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to receive inhibitory signals from the mismatched donor MHC I molecule on
graft endothelial cells (48, 49).

Despite the diverse functions of the transplanted organs and the various types
of tissues present, the mechanisms underlying solid organ rejection are shared,
as are some of its morphological hallmarks. Whilst T-cell mediated rejections
are characterized by T-cells infiltrating and getting in close contact with the
parenchymal cells of the transplanted organ, the hallmark of antibody-
mediated rejection is inflammation in the microvasculature (40), leading to
endothelial cell damage and structural remodelling of the microvasculature and
larger vessels in the long term. Deposition of the classical complement cascade
split product C4d on graft endothelium is highly specific for antibody-
mediated rejection (50). Overlapping phenotypes between cell- and antibody
mediated types of rejection exist, especially with respect to vascular rejections
(51). The T-cell-tissue interaction is exemplified by cells infiltrating portal
tracts and bile ducts in the liver, by cells infiltrating the tubular epithelium in
the kidney (tubulitis), by lymphocytic myocardial infiltration and myocyte
damage in the heart and by interface inflammation in mucosa- or skin-bearing
allografts. The chronic transplant-specific changes seen in large arteries are
largely the same in all solid transplants. However, organ-specific differences
exist and are exemplified by venous endothelial inflammation playing an
important role in liver allografts, not being considered for rejection in kidney
allografts, or apoptotic figures as the hallmark of rejection in intestinal
transplants, not being a diagnostic feature in other types of organs.
Representative pictures of morphological hallmarks of rejection in different
organs are shown in Figure 1.

Before the first description of the microscopic features of rejection in human
uterus transplants (papers I and II), few studies provided histomorphological
details of non-human allogenic uterus transplants in mice, rats, pigs and non-
human primates (Table 3) (52-57). Most of the studies focused on the findings
in the uterine body and describe inflammatory infiltrates dominated by CD8-
positive T-cells. Endarteritis is described by El-Akouri et al. in mice (52). The
first study to indicate that cervical biopsies may be a suitable tissue to diagnose
rejection was performed in baboons (57). The same conclusion was drawn
from a study performed in rats, described in a thesis frame but not journal-
published (56). In the baboons, endometrial biopsies correlated poorly with
cervical biopsies and the clinical picture (57). An in-depth histological
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description of allogenic UTx in four macaques, all of which rejected the
allograft despite induction therapy and maintenance immunosuppression, was
published in 2019 (58). Three out of four monkeys developed donor-specific
anti-HLA antibodies, and the authors describe endothelialitis in both small
parenchymal as well as larger vessels (58), likely representing a phenotype of
ABMR.

1.4 HISTOPATHOLOGICAL CLASSIFICATION
SCHEMES TO DIAGNOSE REJECTION

Tissue-based histopathological diagnosis of rejection is founded on organ-
specific rejection classifications that often, in need of a standardized starting
point, were somewhat arbitrarily defined initially, based on consensus between
experts in the field (59-63). These classification schemes have eventually been
amended and updated as new phenotypes were recognized, such as antibody-
mediated rejection, or as phenotypes changed due to altered
immunosuppressive treatments (64-68). More recently, transcriptome analysis
on allograft biopsies has added substantially to the understanding of different
types of allograft rejection and is likely to become an additive tool in tissue-
based diagnosis of rejection (69, 70). In uterus transplantation, the first
provisional classification for rejection-grading in humans was proposed in
2017 by us (paper I, (71)), based on previous animal studies as described above
(52, 57). The proposed classification was meant to serve as a starting point for
further research and to facilitate comparability between studies. Whereas
needle core biopsies from parenchymal solid organ transplants such as the
heart, kidney or liver are considered to represent the entire organ, in
vascularized composite allografts the optimal site of biopsy requires thorough
consideration, as different types of tissues in the transplant are not necessarily
similarly affected by rejection. Animal studies in allogenic UTx-models in the
rat and baboon monkeys gave some indication that the cervix is affected by
rejection just as the myometrium and may therefore be an adequate tissue to
monitor rejection (Table 3) (56, 57). In summary, any rejection classification
for uterus transplants needs to cover the spectrum of the recurrent
morphological features encountered in transplant biopsies, needs to be easily
applicable, reproducible, clinically meaningful and based on tissue that can be
safely obtained while representing the status of the entire transplant.
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Figure 1: Hallmarks of rejection in different solid organs. A: Tubulitis in T-cell
mediated rejection of the kidney (arrowheads). B: Venous endothelial
inflammation (arrowheads) and bile-duct inflammation (inset, arrow) in T-cell
mediated rejection of the liver. C: Lymphocytic inflammation and myocyte damage
(arrowhead) in T-cell mediated rejection of the heart. D: Intestinal crypt apoptotic
bodies (arrowheads) in T-cell mediated rejection of the gut
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1.5 MOLECULAR TOOLS IN TISSUE-BASED
REJECTION DIAGNOSIS

During the last 20 years, substantial research has been performed to investigate
the molecular landscape of human organ transplant tissues, both to understand
the pathophysiological mechanisms underlying rejection and non-rejection
processes related to transplantation, as well as to add a further level to the
tissue-based diagnosis of rejection, less hampered by unsatisfactory inter-
observer reliability inherent to morphological assessment (72, 73) and to
provide prognostic information. This research field has largely benefitted from
the development of genome-wide transcript analysis with techniques allowing
to explore the expression of thousands of genes in parallel (74), and, more
recently, the development of directed panel-based arrays applicable to
formalin-fixed paraffin-embedded (FFPE) archive tissues (75, 76). Based on
mouse experiments, Mueller, Halloran and colleagues introduced the concept
of “pathogenesis-based transcript sets” to the field of transplantation in 2007
(77), grouping sets of genes representing different pathways pertinent to
transplantation, such as cytotoxic T-cell infiltration or y-interferon-effects.
Subsequently, this has led to the characterization of multiple gene-sets
reflecting the relevant immune-cell burden in the tissue, T-cell activation,
endothelial cell activation, injury and repair as well as T-cell and antibody-
mediated types of rejection in kidney, heart and lung transplants (78-87). This
research has resulted in a commercialized diagnostic test (The Molecular
Microscope® Diagnostic System for Heart and Kidney, one Lambda®,
Thermo Fisher®), which provides a risk score for different types of rejection,
parenchymal injury and progression to graft failure, though in most transplant
centers it is not being performed as the standard of care. More recently, the
Banff molecular diagnostics working group in conjunction with NanoString®
developed the Banff Human Organ Transplant (BHOT) gene panel for the
nCounter analysis platform (70), grounded on the preceding research as
described above. This was done to address the need for a more target-oriented,
standardised gene-expression panel that comprises the genes most relevant to
transplantation, provides data which can be made publicly available, can be
compared between different laboratories performing the analysis and can be
performed on archived FFPE transplant biopsies. This effort has initiated
several recent studies, which have applied the panel to kidney transplant
samples to assess its performance as a supportive diagnostic tool beyond
histopathology, with promising results (88-94).
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2 AIMS

The overall aim of the study was to characterize the morphological hallmarks
of rejection in human uterus transplants and to establish a grading classification
scheme that covers the histological spectrum, is easy to apply, reproducible
and can help to guide immunosuppression.

More specifically, the aims were:

1. To establish a preliminary grading scheme for rejection in human
uterus transplants that covers the spectrum of morphological findings
based on our preclinical and clinical experience (paper I). This
classification would serve as a basis for further studies.

2. To assess the classification’s validity by

a. confirming the results in transplant hysterectomies and
comparing the findings in all anatomical compartments to
assess whether cervical biopsies are representative of the
organ (paper II)

b. analysing the classification’s inter- and intra-observer
reproducibility and its applicability to samples from other
centers (paper III)

3. To corroborate the histopathological classification by means of gene
expression analysis (paper [V)

13
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3 REFLECTIONS ON METHODOLOGY

This section describes and discusses only those methodological aspects
relevant to papers I-1V, that go beyond standard procedures in histopathology
(routine stains and immunohistochemistry) with a focus on facets which I feel
deserve further discussion, were outside the scope of the respective publication
or fell victim to word count limitations.

3.1 STUDY INDIVIDUALS AND SAMPLES

Between 2012 and 2021, in total 20 women received a uterus transplant within
the framework of uterus transplantation trials in Gothenburg, Sweden.
Outcomes of the first completed trial, which comprised 9 transplantations,
have been described in detail by Brénnstrom et al. (15). A summary of the 20
transplantations in relation to the papers is shown in Table 4.

As part of the post-transplantation follow-up, protocol biopsies from the cervix
(if not otherwise specified, cervix in this text denotes the ectocervical portion,
covered by squamous epithelium) of the transplanted organ were taken at fixed
points of time to monitor rejection. Additional biopsies for cause were taken
following diagnosis of rejection or borderline changes to control treatment
response or to exclude progression. Subsets of these transplant cervical
biopsies served as study samples for papers I, Il and IV (Table 4). Transplant
hysterectomies from the first completed clinical trial were studied in paper II.
Studies were conducted on archived FFPE samples after completed routine
assessment. For paper III, only scanned images from archived stained slides
were used, not linked to clinical information. Two more European centers
performing uterus transplantation provided scanned images, not linked to
clinical information, for paper III. For paper II, anonymized surplus material
from archived FFPE-blocks from hysterectomies performed for benign causes,
including post-partum haemorrhage, served as controls. For paper IV, cervical
biopsies from healthy women, taken before hysterectomy for benign
conditions, served as controls.
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Table 4: Summary of study participants (recipients) included in the different papers

Recipient | Length | Reason for graft Live Tissues/ images or
number of tx hysterectomy birth (n) | slides used in paper
(m) I | |00 |1V
52 Achieved live birth | 2 X X X X
2 3 Graft 0 X
infection/ischemia
3 71 Repeated 0 X X X X
implantation
failures/miscarriages
4 56 Achieved live birth | 2 X X X X
5 23 Achieved live birth 1 X X X X
6 83 Achieved live birth | 2 X X X X
7 34 Achieved live birth 1 X X X X
8 23 Achieved live birth 1 X X X X
9 0 Graft ischemia 0 X
10 74 Achieved live birth | 2 X X
11 75 Achieved Live 1 X X
birth/ Placenta
accreta
12 8 Graft ischemia 0
13 68* n/a 1 X X
14 62 Achieved live birth 1 X X
15 62* n/a 0 X
16 41 Achieved live birth | 2 X X
17 1 Graft ischemia 0
18 7 PTLD 0
19 28 Achieved live birth 1
20 1 Graft ischemia 0

*Transplantation is ongoing; tx, Transplantation
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3.2 METHODS

3.2.1 Histopathological assessment including simple
morphometry and immunohistochemistry (paper I and
1)

The morphological grading scheme for diagnosis of rejection that was
developed in paper 1 (Figure 2) followed a three-tier ordinal grading as
commonly used in pathology (mild - moderate - severe) along with a borderline
category for ambiguous cases between “no rejection” and “rejection”. This
scheme was based on the corresponding author’s experience from preceding
animal studies in mice and non-human primates, as outlined before (52, 53,
57). A pattern-based overall assessment of the biopsies was chosen rather than
a composite score, combining several individual morphological lesions into
one final diagnostic category. This approach best reflected the repetitive
patterns we recognized when assessing the entire biopsy cohort and accounted
for the lack or paucity of other lesions, such as microvascular inflammation or
apoptotic figures.

To characterize the immune-cell infiltrates and complement-activation in
transplant samples in paper [, immunohistochemistry for CD3 (T-cells), CD20
(B-cells), CD68 (macrophages), CD56 (NK-cells), and complement products
(C3, C4d and C5b-9) was performed on FFPE-blocks with standard automated
immunoperoxidase technique. This was done on all biopsies showing rejection
(n=13, grade 1-3) or borderline changes (n=11). In addition, normal biopsies
(5 baseline biopsies and 8 post-transplant biopsies not showing borderline
changes or rejection) were stained. The number of positive cells per sample
was semiquantitatively assessed in the most densely inflamed area, using
analogue scales showing circles representing high power fields (HPFs),
containing a pre-defined number of cells (Figure 3).
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A: Normal cervical tissue with single
S . S 0 -2 . inflammatory cells in the stroma

B: Borderline changes with separate,
well demarcated foci of inflammatory
cells, mainly Ilymphocytes at the
stromal-epithelial interface

C: Mild rejection with more linear
inflammation at the stromal-epithelial
interface. Epithelium intact.

D: Moderate rejection with more
pronounced inflammation in the stroma
with a mixed inflammatory infiltrate.
Thinning of the surface epithelium

E: Severe rejection with marked mixed
stromal inflammation and partial or
complete epithelial loss

Figure 2: Schematic illustration of the provisional grading scheme for rejection in
uterine transplant cervical biopsies developed in paper I. (Adapted from Figure 2
in Mdlne et al. American Journal of Transplantation 2017; 17:1628—1636,
Copyright Elsevier, with permission.)
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Figure 3: Examples of analogue scales used to semiquantitatively assess the amount
of positively stained cells in one high power field (HPF).

In paper II, immunohistochemistry was performed for CD3 (T-cells), CD20
(B-cells) and CD68 (macrophages) on FFPE-blocks from transplant and
control  hysterectomies as described, using standard automated
immunoperoxidase technique.

Quantification of infiltrating immune cells in the cervix and myometrium was
performed by counting the number of cells in 10 subsequent HPFs. The mean
of'the 10 HPFs was used for comparison between cases. In arteries, the number
of cells in 10 arteries was counted, and normalized to the artery diameter. The
mean was used for further analysis. Macrophages in arteries were difficult to
count as individual cells. Instead, the mean of a 4-tier semiquantitative score
was calculated (no macrophages, single scattered cells, focal, and
circumferential infiltrates).

3.2.2 Reproducibility study (paper III)

To measure the concordance of rejection grading between pathologists,
Krippendorft’s alpha coefficients were presented. Grading of rejection is done
on an ordinal scale, where discrepancies between neighbouring categories can
be considered less severe compared to discrepancies between the ends of the
spectrum. Different agreement measures are suitable to different scenarios,
considering the scale of the variable under study and the number of raters
independently performing the grading (Table 5).
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Table 5: Comparison of agreement measures encountered in pathology studies

Fleiss’ k Cohen’s k | Gwet’s AC | Krippen- | Intraclass
dorff’s @ | correlation
aco
Possible | Categorical | Categorical | Categorical | Any Quantitative
scale of (nominal) | (nominal, (ordinal)
the study ordinal for
variable weighted
kappa)
Possible | Any 2 Any Any Any
number
of raters

The difficulties related to, and the comparability of different agreement
measures are widely discussed in the statistical literature (95-97). For example,
differences between Gwet’s score and Cohen’s kappa score can be observed
when there is in fact no association between the raters’ decisions, and Gwet’s
score seems to return higher values than Cohen’s kappa in some situations (98),
which was also the case in our study (Table 3 in paper II1,). We chose to use
Krippendorff’s alpha agreement measure as it returned values comparable to
the widely used kappa-score in the appropriate setting, while at the same time
being applicable to our study design. A potentially critical point is the
composition of the cohort, which, in an ideal world, should reflect the
prevalence of diagnostic categories in clinical practice. In paper III, the
selection of samples was partly determined by external circumstances (limited
number of biopsies with different grades of rejection) and reflects a
compromise between a reasonable overall sample size (not derogating the
pathologists’ motivation to thoroughly evaluate each biopsy) and a sufficient
number of cases in each category. At our center, rejection has occurred in 8%
of biopsies (mostly mild rejections), and borderline changes in 15%. In an ideal
setting, the prevalence of items per category in a study cohort is similar to the
real-world prevalence. At the same time, a sufficient number of items per
category is desired to be able to assess agreement. Therefore, the proportion of
rejections in our cohort is higher than in the real world but still smaller than
the proportion of non-rejection cases.
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3.2.3 Gene expression profiling (paper 1V)

Gene expression analysis in tissues can be performed with microarray
technique or, more recently, RNA sequencing. Whilst microarrays allow to
explore the expression of thousands of genes at the same time, RNA
sequencing enables analysis of the entire transcriptome. Both analyses start
from RNA, normally converted to cDNA in microarray analysis, and require
high-quality input material, mostly frozen tissues. To perform these analyses
from FFPE-material is therefore challenging. Pioneering work on gene
expression profiling in kidney transplant biopsies using microarrays has
provided deep insight into mechanisms of different types of rejection (99) and
led to the discovery of gene sets associated with clinicopathological
phenotypes (reviewed in (69)). This formed the groundwork for the
development of the NanoString Banff Human Organ Transplant (BHOT) gene
panel (70), used in paper IV. This panel, developed by experts in the field in
collaboration with NanoString, is run on the nCounter® platform. It comprises
770 genes (758 unique gene probes and 12 housekeeping gene probes)
involved in rejection, innate and adaptive immune response and tissue damage
(https://nanostring.com/products/ncounter-assays-
panels/immunology/human-organ-transplant). The array technique uses a
target-specific, biotin-labelled capture probe and a target-specific reporter
probe, labelled with a fluorescent barcode, unique to each RNA-target in the
sample (75, 100, 101) (Figure 4).

Conversion to cDNA, library preparation or amplification steps are not
required. The technique is readily applicable to archival FFPE samples (76,
102) and was therefore highly suitable to our purpose. Downstream analysis of
the raw gene counts (background correction, normalization and subsequent
differential gene expression analysis) was performed with the freely available
nCounter analysis software including the advanced analysis software plugin,
following the manufacturer’s recommendations as outlined in the user manuals
(103, 104). The software runs on R-scripts. To allow for more flexibility
regarding the display of the data and figure design, normalized counts and
results of differential expression analysis were imported into R-software.
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Capture probe Reporter probe
N
. L N N
gt Genespeciiic Single-stranded backbone 5
repeats  probes repeats
A i NS

I's N\ —~ -

5/

3 meomen

Labeled RNA segments

5  (mRNA) 3

Figure 4. Schematic illustration of the hybridization complex, which is formed in the
nCounter assay, consisting of the capture probe, the reporter probe and the target
mRNA molecule. The colour code of the fluorescent-labelled RNA segment in the
reporter probe is unique for each target. Following hybridization, the complex will be
fixed to a plate for further readout. (Geiss GK, Bumgarner RE, Birditt B, Dahl T,
Dowidar N, Dunaway DL, et al. Direct multiplexed measurement of gene expression
with color-coded probe pairs. Nat Biotechnol. 2008;26(3):317-25. Reprint with
permission from Springer Nature.)

One of the major weaknesses of the study is the small number of samples in
each rejection category and the small number of individuals whom the samples
originate from, determined by the number of transplantations performed. The
results of the study therefore do neither allow us to draw bold conclusions on
gene sets being specific for rejection in uterus transplants nor to construct a
molecular classifier for diagnosis of rejection, which would also require a
validation cohort. Due to the limitations described above, instead of
performing pathway or gene set analysis on a limited number of differentially
expressed genes, we compared the results to previously annotated gene-sets,
derived from both microarray and panel-based gene expression studies
conducted on other solid organ transplants. The studies used for comparison
are described in Table 6.
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3.3 ETHICAL CONSIDERATIONS

3.3.1 Ethical considerations on uterus transplantation in
general

Ethical issues in uterus transplantation are complex and are being widely
discussed in the scientific literature, from both the recipients’ and the donors’,
as well as from a health-economic perspective (105-107). It goes beyond the
scope of this report to discuss in detail the ethical aspects of transplantation in
general and uterus transplantation in particular.

Uterus transplantation is fundamentally different from most other types of
transplantations insofar as this is neither a life-saving nor life-prolonging
procedure. Instead, it can be seen as a quality of life-enhancing transplantation.
Therefore, the principle of weighing the risks against the benefits of this
undertaking is even more delicate. Alternative routes to achieve parenthood,
such as surrogacy or adoption, need to be considered. Gestational surrogacy
though is not an option in most countries, Sweden amongst them, and does
bear ethical issues in itself (108). Although adoption offers the possibility of
achieving parenthood, this is a completely different decision with other legal,
ethical, and social aspects to consider. Neither adoption nor gestational
surrogacy offers the possibility to bear one’s own child, which appears to be
one of the main motivating factors for women suffering from AUFI to opt for
transplantation over surrogacy or adoption (9, 109, 110).

3.3.2 Ethical considerations pertinent to the present studies

Ethical permits related to my thesis include the following:

Diarienummer 088-12: Forskningsstudie for klinisk applikation av
livmodertransplantation

Diarienummer 362-16: Livmodertransplantation med robotassisterat
organuttag, and amendment 2023-00676-02

Diarienummer 151-18: Livmodertransplantation med livmoder fran multi-
organ donator

Diarienummer 2021-04044: Livmodertransplantation med robotassisterad
kirurgi
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Diarienummer 2019-00837/1227-18: Studier av normal livmoder for att
forbattra diagnos av avstotning efter livmodertransplantation, and amendment
2020-06440.

Papers I-1V are based on tissues not specifically collected for this research, but
which were obtained as part of the post-transplantation management of the
transplanted women. This did not only include the cervical biopsies taken to
monitor rejection but also the explanted allografts after completed pregnancy
or pregnancies (paper II). Organs were removed to avoid unnecessary
immunosuppression. The removed organs are a valuable source of knowledge
for the scientific community involved in uterus transplantation as there is little
known about the long-term changes in transplanted uteri.

For paper IV cervical biopsies from healthy women, planned for elective
hysterectomy for benign causes, were collected to establish a normal baseline
to which transplant biopsies could be compared. Archival cervical biopsies
were considered a less suited alternative, as this retrospective material is often
affected by HPV infection or other pathologies. All women within this study
gave written informed consent, and the study was approved by the responsible
ethics committee as outlined above.
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4 RESULTS

4.1 PAPERI

In paper I, a provisional scheme for histopathological grading of rejection was
introduced, which can be used by centers performing uterus transplantation to
monitor rejection and to help steer immunosuppressive treatment. The grading
was mainly based on results from a non-human primate animal study (57) and
incorporated the morphological features present in 163 human uterus
transplant cervical biopsies from the first Swedish clinical trial. The backbone
of this pattern-based grading scheme is the amount and distribution of
inflammatory infiltrates at the squamous epithelial-stromal interface and the
increase in epithelial damage with higher grades of rejection. Microvascular
inflammation in cervical stromal vessels, endothelialitis or perivascular
inflammation were not seen as repetitive features and were therefore not
considered in the grading scheme. Large calibre arteries are normally absent in
ectocervical biopsies. There were no features to suggest antibody mediated
rejection in any of the biopsies. The characterization of the immune cell
infiltrates in the biopsies was dominated by T-cells, consistent with
alloimmune rejection, increasing in number in higher grades of rejection.
Myometrial biopsies were not routinely taken and only assessed on two
occasions, showing minimal inflammation. The paper has been cited 119 times
(Google Scholar, accessed 06/03/2024).

4.2 PAPERII

In paper II, the histopathological findings in transplant hysterectomies,
performed electively after completed transplantation, were described and
compared to non-transplant hysterectomies. It was shown that the overall
inflammatory burden was higher in transplants compared to non-transplants,
but unequivocal rejection was rare. Ectocervical tissue was representative of
the entire organ in terms of the degree of inflammation, making it a suitable
site for the monitoring of rejection. Inflammatory infiltrates in the
transformation zone (transition from squamous to glandular endocervical
epithelium) were frequent in both transplants and controls and were not
diagnostic of rejection. Like other solid organ transplants, findings consistent
with rejection were seen in a minority of larger arteries, but this did not seem
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to affect pregnancy and childbirth. The paper has been cited 10 times (Google
Scholar, accessed 06/03/2024).

4.3 PAPERIII

In paper 111, the reproducibility of the grading scheme proposed in paper I as
well as the reproducibility and presence of additional lesions, potentially
associated with rejection (apoptosis, perivascular stromal inflammation and
venous endothelial inflammation/ endothelialitis) were tested on scanned
slides from 193 biopsies. This was a multicenter effort, involving pathologists
from four centers performing uterus transplantation and including images from
three centers. Inter-rater reproducibility was moderate, whilst intra-rater
reproducibility was excellent. Of the additional lesions studied, only
perivascular stromal inflammation, but not apoptosis and venous endothelial
inflammation/ endothelialitis, were sufficiently reproducible. These lesions
were more frequently seen in conjunction with rejection but were also present
in few samples not showing other signs of rejection. The paper has just recently
been published.

4.4 PAPER IV

In paper IV, gene expression profiling on 75 transplant- and 24 non-transplant
cervical biopsies was performed using the NanoString Banff Human Organ
Transplant 770 gene panel for the nCounter platform. The number of
differentially expressed genes increased from mild to severe rejection,
overlapped between moderate and severe rejections, and thereby mirrored the
histological phenotypes of mild, moderate and severe rejections. While the
genes increased in mild rejections were shared with rejection-associated genes
in other solid organ transplants, in moderate and severe rejections genes related
to injury added to the picture. In contrast, the borderline category did not differ
from non-transplant samples and treatment for those cases is not supported by
the data. Even normal transplant biopsies differed significantly from non-
transplant biopsies in terms of gene expression. The paper has not been
published yet.
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5 DISCUSSION

The studies related to this thesis explored the morphological and molecular
phenotypes of rejection in human uterus transplants. The project started from
the establishment of a preliminary histopathological grading scheme for
rejection on transplant cervical biopsies, went on to confirm the results in
transplant hysterectomies and to test the classification’s reproducibility in a
multicenter study, and subsequently assessed the gene expression profile in
rejection and non-rejection samples to refine the diagnostic categories.

The main conclusions from the studies are that:

e repetitive morphological features in uterus transplant cervical
biopsies allowed to establish a preliminary grading scheme of
rejection with diagnostic categories to which every biopsy could be
assigned,

e the morphological correlates of rejection, which are not seen in non-
transplant controls, are characterized by linear inflammation at the
ectocervical epithelial-stromal interface, varying degrees of stromal
inflammation and epithelial damage at higher grades of rejection,

e cervical biopsies are suitable tissue to monitor rejection,

e mild focal interface inflammation (borderline changes) is more
frequently seen in transplants, but can be encountered in non-
transplant cervical tissues as well,

e apattern-based grading scheme for rejection in uterine transplant
cervical biopsies is moderately reproducible between raters and
highly reproducible with one experienced rater,

e the gene expression pattern in cervical biopsies mirrors the
histopathological grading of rejection,

e genes increased in mild rejections overlap with rejection in other
solid organ transplants, in higher grades of rejection the pattern is
mixed, comprising genes involved in rejection and tissue damage,

e samples in the borderline category are not different from non-
rejection samples and rejection treatment in these cases is not
supported.
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The results of the studies can serve as the basis for further projects to explore
the pathophysiology of uterine transplant rejection and to expand its
morphological spectrum.

5.1 A GRADING SCHEME FOR DIAGNOSIS OF
REJECTION IN UTERUS TRANSPLANTS — WORK
IN PROGRESS

Histopathological features of rejection share common patterns between solid
organ transplants, related to T-cell infiltration in cell-mediated rejection and
microvascular inflammation in antibody-mediated rejection. Organ-specific
differences are related to the different anatomical structures which are subject
to the alloimmune attack. Any preliminary grading classification designed for
a “new” organ must aim to cover the spectrum of rejection-related features,
define basic thresholds to meet a diagnosis and be clinically meaningful.
Necessarily, an expert’s experience serves as the ground for such a
classification scheme, comprising some degree of arbitrariness and risk for
overdiagnosis, immanent to pioneer studies.

The provisional grading system we proposed was developed in consideration
of the spectrum of histological findings we identified in the transplant cervical
biopsies from the first clinical trial of uterus transplantation. As opposed to
other rejection classifications, such as for the kidney or liver (64, 111), we
proposed an overall pattern-based diagnostic approach rather than a composite
score combining multiple morphological lesions. This reflects the relative
paucity of different anatomical structures in ectocervical biopsies as compared
to the kidney or liver and the relatively uniform and repetitive morphological
patterns we saw. The grading system for rejection in skin-containing
vascularized composite allografts (sharing some similarities with the uterus) is
mainly based on an overall pattern diagnosis rather than scoring different
lesions (60, 66). In 2022, Agarwal and colleagues proposed an amended
classification for T-cell mediated rejection in uterus transplants based on 144
ectocervical biopsies, which resembled a composite score, combining interface
inflammation, spongiosis, stromal inflammation, perivascular inflammation,
epithelial damage and apoptosis (112). However, the authors did not describe
the frequency of the proposed lesions in the biopsies and thereby did not give
any indication of their practical relevance. In addition, it was not explained
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how the lesions are to be weighted and combined to reach a final diagnostic
category. Likely, the grading scheme we proposed does not yet cover the full
morphological spectrum of rejection that may be encountered in uterine
transplant cervical Dbiopsies, especially concerning antibody-mediated
rejection (ABMR). The morphological pattern of ABMR has not yet been
convincingly described in human uterus transplants but has been seen in non-
human primates who developed donor-specific antibodies post-transplantation
and is likely to occur in humans as well under certain circumstances (58).
Bearing in mind that antibody-mediated rejection is related to pre-existing
donor-specific antibodies due to previous transplantation, pregnancies, blood
transfusions or to de-novo donor-specific antibodies due to non-adherence or
reduced immunosuppression because of complications (113, 114), uterus
transplant recipients are probably the group of organ transplant recipients with
the lowest risk for antibody-mediated rejection. However, indications for
uterus transplantation as an infertility treatment may be expanded to a broader
group of recipients in the future which will likely change the morphological
spectrum of rejection-related findings. Graft endothelialitis, for example,
appeared to be a prominent feature in monkeys who developed donor-specific
antibodies post-transplantation (58) and in mice without immunosuppression
(52), but was not recognized as a recurrent finding in our series (papers I and
1) (71, 115) and was, if present, poorly reproducible (paper III) (116). Only
large arteries were affected by rejection in few cases seen at hysterectomy
(paper II) (115), but these large calibre vessels are usually not present in
biopsies.

Another lesion we subsequently noted in transplant hysterectomies (paper II)
(115) was perivascular stromal inflammation (PVSI), which was characterized
by a cuff of inflammatory cells around small arteries or venules without
intravascular inflammation. Although the lesion was slightly more frequent in
samples showing rejection (papers Il and III) (115, 116), it was also seen in
isolation. However, the true prevalence of this finding and its association with
other features of rejection has not yet been systematically studied.
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5.2 THE CERVIX AS THE BIOPSY SITE TO MONITOR
REJECTION

Uterus transplants are regarded as vascularized composite allografts (117),
comprising several types of tissues, including different mucosal linings,
muscle and a stromal component. Although graft monitoring performing
cervical biopsies is widely applied practice today (paper III) (116), it was not
obvious from the beginning that the cervix reflects the status of the entire
organ. The cervix, however, is accessible for macroscopic inspection and easy
to biopsy, in line with routine biopsies performed for cervical dysplasia.
Moreover, neither endometrial nor myometrial biopsies would be feasible
during pregnancy, and the latter may be risky due to possible induction of
contractions or bleeding. There was some indication from animal studies that
the cervix is suitable for graft monitoring (57), which was further corroborated
by the findings in graft hysterectomies, where an increased inflammatory
burden in the cervix was associated with a rejection pattern in arteries and more
inflammation in the myometrium (paper II) (115). The study also confirmed
that samples from the endocervix and the transformation zone are not suitable
to monitor rejection, as inflammation in this area is an unspecific finding,
frequently present in non-transplant uteri. Even important non-rejection
findings may be detected in cervical biopsies, such as ischemia (22) or HPV-
induced epithelial changes (paper II) (115), potentially indicating over-
immunosuppression. The endometrium may be more difficult to interpret
regarding rejection, as it is subject to cyclic hormone-induced changes in
morphology, in which stromal lymphocytes, mucosal breakdown and epithelial
apoptotic figures are part of the normal spectrum. However, the endometrium
in human uterine transplants has not been systematically studied yet.

5.3 REPRODUCIBILITY OF THE GRADING SCHEME

Reproducibility of grading schemes and classifications in pathology is a
constant matter of concern, as low reproducibility puts into question the results
of any study that is conducted in the respective field. Depending on the
agreement measure applied, different results will be obtained (118). Reported
kappa-values in studies exploring the reproducibility of rejection
classifications rarely exceed moderate agreement (72, 73, 119-122), and
unsatisfactory reproducibility of histopathology is often put forward as an
argument for the need for other, seemingly more objective methods for
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diagnosis of rejection (https://www.thermofisher.com/onelambda/wo/en/post-
transplant/molecular-biopsy-assessment.html). Despite concerns, the Banff-
classification for diagnosis of rejection in kidney biopsies, which started
relatively simple to become more and more sophisticated with more research
being performed, is an indispensable standard in renal transplant pathology to
date (59, 111). Our proposed pattern-based, relatively simple grading scheme
showed a degree of reproducibility comparable to other rejection classification
schemes and can serve as a basis to guide rejection treatment and facilitate
comparability between further studies.

5.4 THE BORDERLINE CATEGORY — MINIMAL
INFLAMMATION OF UNCERTAIN
SIGNIFICANCE

As the name implies, the borderline category denotes a defined area of
diagnostic uncertainty at the border between no rejection and low-grade
rejection, whereby the source of uncertainty is not a lack of definition but a
lack of evidence to either confirm or exclude rejection. In kidney
transplantation, this clinically challenging category has been subject to
discussion and ongoing research ever since its implementation (123, 124). In
our proposed grading scheme for rejection in uterine transplants, we argued
that a borderline category (single inflammatory foci of uncertain significance)
was justified until more data becomes available from subsequent studies. A
problem in uterus transplantation is that the cervix frequently looks normal
macroscopically, despite histological evidence of rejection. Therefore, it
seemed justified to include this area of uncertainty in a classification, in order
to alert clinicians but at the same time avoid over-immunosuppression. In fact,
borderline changes were frequently seen in those patients who showed
rejection at some point (paper II) (115). However, the pattern of single
inflammatory foci at the stromal-epithelial interface is not unique to transplants
and can be present in non-transplant uteri as well (paper II) (115, 125).
Consequently, there is a high risk of over-treatment, if all cases with minimal
inflammation are regarded as rejection. Gene expression profiling of these
ambiguous cases proved to be helpful in this matter, as discussed below.
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5.5 GENE EXPRESSION PROFILING TO SUPPORT
PATHOLOGY

Gene expression analysis may be performed on transplant samples with the
aim of developing a diagnostic or prognostic test, to identify potential new
biomarkers or to explore the samples with an additional tool beyond
morphology to support histopathological categorization. We chose the latter
descriptive approach (paper 1V), as the former requires larger sample sizes
from more individuals, a validation cohort and ideally, an independent marker
for rejection to validate the results against. Gene expression profiling showed
an increasing number of differentially expressed genes with every increase in
rejection grade, thereby supporting the morphologically defined diagnostic
categories. It also provided further evidence for a diagnosis of rejection, as the
genes increased in mild rejections largely overlapped with the genes described
in previous studies to be associated with rejection (69, 78, 80, 81, 84, 85, 91,
92, 126-130). In contrast, no genes were differentially expressed between
borderline cases and no-rejection samples, providing further evidence that
these cases should not be regarded as rejection.

5.6 FUTURE DIRECTIONS

To substantially advance the research focussed on rejection in human uterus
transplants an independent marker for graft function, which can be measured
at any point of time after transplantation, is needed. So far, pregnancy and
childbirth, in fact very rare events in a uterus transplant’s lifetime, are the only
outcome measures. Donor-derived cell-free DNA detection in the blood has
the potential to become a non-invasive marker to monitor the status of the graft
(131). Future research may also investigate the immunological aspects of
transplantation which are specific to the uterus, tolerating non-identical tissue
during pregnancy.

5.7 CONCLUSIVE REMARKS

As a result of the studies presented in this thesis, a robust and applicable
histopathological grading scheme for the diagnosis of rejection on uterine
transplant cervical biopsies has become available. This can help to guide
clinical management and facilitate future studies. The results support the
amendment of the initial provisional grading scheme towards downgrading of
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minor findings in the borderline category and consequently help to avoid
unnecessary immunosuppression. The spectrum of histological findings in
uterine transplants will likely expand when uterus transplantation becomes
more widely available as an infertility treatment to a broader group of
recipients.
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